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Abstract Wing flexibility plays an essential role in the aerodynamic performance
of insects due to the considerable deformation of their wings during flight under
the impact of inertial and aerodynamic forces. These forces come from the complex
wing kinematics of insects. In this study, both wing structural dynamics and flapping
wing motion are taken into account to investigate the effect of wing deformation
on the aerodynamic efficiency of a bumblebee in tethered flight. A fluid–structure
interaction solver, coupling a mass–spring model for the flexible wing with a pseudo-
spectral code solving the incompressible Navier–Stokes equations, is implemented
for this purpose. We first consider a tethered bumblebee flying in laminar flow
with flexible wings. Compared to the rigid model, flexible wings generate smaller
aerodynamic forces but require much less power. Finally, the bumblebee model is
put into a turbulent flow to investigate its influence on the force production of flexible
wings.
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1 Introduction
In recent years, the effect of wing flexibility on aerodynamic performance of flap-
ping wings has drawn attention of researchers, scientists and engineers. Compared to
conventional airplanes with fixed wings, flapping wings have several aerodynamic
advantages with the ability to create lift even at high angles of attack due to the
delayed stall of the leading edge vortex (LEV) [1]. These extraordinary capabilities
of hovering and manoeuvrability have made bio-inspired flapping wings a strong
candidate for developing human-engineered micro-air-vehicles (MAVs) with possi-
ble applications in environmental monitoring, surveillance and security. However, in
previous studies, the wings were usually considered as rigid to simplify the problem.
The sophisticated interaction between the anisotropic wing structures and the sur-
rounding unsteady flow makes the analysis of flapping flexible wings challenging,
but at the same time intriguing. In the last two decades, with the dramatic improve-
ment of measuring equipment as well as computing power, many experimental and
numerical studies have investigated the effect of wing flexibility and drawn contra-
dictory conclusions. Mountcastle and Combes [2] showed that passive deformations
enhance lift production in bumblebees by artificially stiffening their wings using a
micro-splint. Campos et al. [3] and Fu et al. [4] used experimental methods and found
that highly flexible wings show significant tip-root lag which weakened vortices and
reduce the force production. Du and Sun [5] solved the Navier–Stokes equations
coupled with measured wing deformation data and compared with the rigid counter-
parts. They obtained a 10% increase in lift caused by the camber deformation and a
5% reduction in required power.
In our previous work [6], we considered a flexible bumblebee wing rotating
around a hinge point at the angle of attack equal to 45◦. The stiffness of the wing was
varied to get two cases: flexible and highly flexible. We found that the flexible wing
produces less lift than the rigid wing but it has a better lift-to-drag ratio. On the other
hand, the highly flexible wing experienced a strong tip-root lag caused by twisting
and behaves poorly in term of aerodynamic performance with a much smaller lift and
lift-to-drag ratio. Although the study provided us some ideas about the influence of
wing flexibility on the force generation, the revolving motion remains too simple to
fully represent the complicated dynamics of a flapping wing. After a short transition
period, the revolving wing attains its steady state and its dynamic deformation hardly
plays a role in the force production. The wing kinematics of insects is in reality more
intricate with many characteristic features such as flapping amplitude, wingbeat
frequency, angle of attack, etc. These features have strong impact on the ability of
generating force of the wings. Kang and Shyy [7] showed that the ratio between
the flapping frequency and the first natural frequency of a flexible wing can yield
advanced, symmetric or delayed rotation modes which in turn alter the resulting lift.
Zhao et al. [8] conducted experiments of simple isotropic flapping wings with varied
stiffness values at different angles of attack. They found that at low angles of attack
(20◦ to 60◦), flexible wings have relatively the same aerodynamic performance as
rigid wings but they outperformed their rigid counterparts at high angles of attack
(up to 90◦).
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Consequently, in this work, we will investigate the aerodynamic efficiency of the
flexible bumblebee wing model [6] within a tethered flight context where the wing
motion is real bumblebee wing kinematics measured by the work of Dudley and
Ellington [9]. The resulting force and power are compared with those of a rigid flat
wing computed by Engels et al. [10]. The comparison shows the effects of the wing
deformation on the aerodynamic forces of a flapping flight insect.
The remainder of the manuscript presents in section 2 the numerical methods
used for solving the governing equations of the flexible wing, the fluid flow and its
coupling. The numerical set-up and the bumblebee model are given in section 3
and the results of the numerical simulations are discussed in section 4. Finally some
conclusions are drawn in section 5.
2 Numerical methods and governing equations
Modeling insect flight is a delicate topic due to the fact that one needs to model both
the mechanical behavior of the wings by a solid solver and the surrounding flow by
a fluid solver. The two solvers must then be coupled to study their interaction. This
section presents how these three aspects can be handled numerically.
2.1 Solid solver using mass-spring system
Insect wings are sophisticated structures consisting of membranes and veins. The
wings get their nonlinear anisotropic properties from a truss framework composed
of horizontal and vertical veins connected by membranes [11]. This along with their
small wing lengths (from mm to cm) makes it extremely challenging to model the
mechanical behavior of insect wings. In our work, a mass-spring system is employed
to mimic the dynamics of the complicated membrane-vein network by taking the
different mechanical properties between veins and membranes into account [6].
While veins can be considered as rods which resist mainly the torsion and bending
deformation, a membrane is fabric-like and behaves like a piece of cloth which resists
against the extension deformation.
The mass-spring system has been around since the end of the 20th century and
it is well-known for its computational efficiency and ability of handling large defor-
mation [12]. The wing is discretized using mass points mi (i = 1, ..., n) connected by
springs. Among the different types of springs, our model is built only on extension
and bending springs. The dynamic behavior of the mass-spring system, at a given
time t, is defined by the position xi and the velocity vi of the mass point i and they
are governed by the eqns. (1) below:
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Finti + Fexti = miai for i = 1 . . . n
vi(t = 0) = v0,i
xi(t = 0) = x0,i
(1)
where n is the number of mass points, Finti is the internal force and Fexti is the external
force acting on the ith mass point, mi and ai are mass and acceleration of the ith
mass point, respectively.
The system (1) is then advanced numerically in time by applying a second order
backward differentiation scheme with variable time steps [13]:
qn+1i −
(1 + ξ)2
1 + 2ξ
qni +
ξ2
1 + 2ξ
qn−1i =
1 + ξ
1 + 2ξ
∆tnf(qn+1i ) (2)
where q =
[
xi, vi
]ᵀ is the phase vector containing positions and velocities of
all mass points and f(q) = [vi, m−1i (Finti + Fexti )]ᵀ is the right hand side function,
ξ = ∆tn/∆tn−1 is the ratio between the current time step ∆tn and the previous one
∆tn−1. The phase vector of the system at the current time step qn+1 is found by
solving eqn. (2) using the Newton–Raphson method. All details of this solver are
explained in [6].
2.2 Fluid solver and volume penalization method
Due to their small sizes and elevated flapping frequencies, insect flight is normally
categorized in the Reynolds number regime between O(101) and O(104). For exam-
ple, for hawkmoth we have Re = 6000, bumblebee Re = 2000, fruit fly Re = 100 or
thrips Re = 10 [14, 15]. The flow can be considered as incompressible and governed
by:
∂tu + ω × u = −∇Π + ν∇2u − χCη (u − us)︸        ︷︷        ︸
penalization term
− 1
Csp
∇ × (χspω)∇2︸              ︷︷              ︸
sponge term
(3)
∇ · u = 0 (4)
u(x, t = 0) = u0(x) x ∈ Ω, t > 0 (5)
The above equations (3-5) are called the penalized Navier–Stokes equations [16]
where u is the fluid velocity, ω = ∇ × u is the vorticity, Π = p + 12u · u is the
total pressure and ν is the kinematic viscosity. Except for all the terms found in the
classical incompressible Navier–Stokes equations, it appears two more terms which
are called the sponge and the penalization terms. The former is added to remove
the periodicity of the Fourier discretization which affects the upstream inflow. The
penalization term is used to impose the no-slip boundary conditions on the fluid-solid
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interface in [17]. All geometrical information of the solid is encoded in the mask
function χ given by:
χ(δ) =

1 δ ≤ d − h
1
2
(
1 + cos pi (δ−d+h)2h
)
d − h < δ < d + h
0 δ ≥ d + h
(6)
where δ is the signed distance field of the bumblebee skeleton and d represents
here the distance from the skeleton to the outer surface, i.e. the fluid-solid interface.
The skeleton of the bumblebee is a curvilinear centerline along which we sweep an
elliptical section of variable size to draw the insect’s body, legs and antennae [18].
However, to avoid the force oscillation when dealing with moving solid body, a
smoothing layer with a thickness 2h is added right at the fluid-solid interface to
prevent the discontinuity of the mask function [19].
For solving the fluid equations (3-5), a Fourier pseudospectral discretization with
semi-implicit time stepping is employed, implemented in the FLUSI 1 code [17].
The general idea consists of representing quantities q (velocity, pressure, vorticity)
as truncated Fourier series,
q(x, t) =
Nx−1∑
kx=0
Ny−1∑
ky=0
Nz−1∑
kz=0
qˆ(k, t) exp(ik · x) (7)
where k = [kx, ky, kz]T is the wavevector, i =
√−1 and q̂ are the discrete complex
Fourier coefficients of q. The Fourier coefficients can be computed with the fast
Fourier transform (FFT) using the P3DFFT library. The main motivation of using
a Fourier discretization is the simplicity of inverting a diagonal Laplace operator
and the high numerical precision reflected in the absence of numerical diffusion
and dissipation in the discretization. The gradient of a scalar can, for instance, be
obtained by multiplying with the wavevector and the complex unit, ∇̂q = ikqˆ. The
Laplace operator becomes a simple multiplication by −|k|2, it is thus diagonal in
Fourier space. For further details, we refer the reader to the reference article on the
FLUSI solver [17].
2.3 Fluid-structure interaction
For time-stepping, the coupled fluid-solid system is advanced by employing a semi-
implicit staggered scheme, as proposed in [18]. On the one hand, we advance the fluid
by using the Adam–Bashforth second order (AB2) scheme with exact integration of
the viscous term. On the other hand, the Backward Differentiation Formula of second
order (BDF2) is used for the time discretization of the solid solver. The two modules
1 FLUSI: freely available for noncommercial use from GitHub
(https://github.com/pseudospectators/FLUSI).
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are then coupled by the algorithm presented in the flowchart shown in figure 1. For
the range of Reynolds numbers (75-4000), Dickinson et al. [20, 21, 22] showed that
pressure forces dominate the shear viscous forces. Hence, for calculating the solid
deformation, the viscous fluid tension is considered negligible compared to the static
pressure. Moreover, the scheme is called a weak coupling method since the static
pressure is computed from the previous state of the solid model. This makes the
system conditionally stable only if the structure is heavy enough with respect to the
fluid density. However, the scheme is efficient because the fluid and the solid need to
be advanced only one time at the current time level. Full details of the fluid–structure
interaction (FSI) framework as well as detailed validation of the results can be found
in our previous work [6].
3 Numerical set-up and bumblebee model
To study the influence of wing flexibility on the aerodynamic forces, we compare
the flexible wings with rigid ones using the same numerical set up in previous work
in [10].
3.1 Flow configuration
The computational domain, shown in figure 2, is 6R× 4R× 4R large, where R is the
bumblebee wing length, discretized by 1152×768×768 grid points. The bumblebee
is tethered (both translational and rotational motion of the body are inhibited) at
xcntr = (2R, 2R, 2R)T and exposed to a head wind with a mean flow accounting
for the insect’s forward velocity u∞ = (1.246R f , 0, 0)T , where f is the wingbeat
frequency. Due to the periodicity inherent to the spectral method, a thin vorticity
sponge outlet, covering the last 4 grid points in x-direction, is used to minimize the
upstream influence of the computational domain. The sponge penalization parameter
Csp is usually set to a value larger than the permeability Cη , normally Csp = 10−1.
By construction, the sponge term is divergence-free to avoid the influence on the
pressure field, which in turn would be modified even in regions far away from the
sponge due to its nonlocality. A detailed discussion on the influence of the vorticity
sponge can be found in [17].
In nature, insects do not always fly in a calm, quiescent environment. Instead, they
face, most of the time, many kinds of aerial perturbations such as gusty wind, vortices
or turbulent flow generated by surrounding obstacles. Taking this into account, both
laminar and turbulent flows are investigated here to study the role of wing flexibility
under these two circumstances. For the laminar case, in the entire computational
domain a mean flow u∞ is imposed by simply setting the zeroth Fourier mode of
the velocity u [18]. On the other hand, information on turbulent flow conditions,
which are experienced by flying insects in nature, remains an open question with
Fluid-structure interaction: application to bumblebee flight 7
Initialize flow field  and insect model 
 at time 
, 
0
 
0
, 
0
 
0
 
= 0,   = 0 
0
Fluid velocity field   
and insect state  at time 
 
 
S
 
 
 
Construct mask function   
solid velocity field  from insect state 
 
 
 
 
 

 
Advance fluid to new time level using AB2 scheme 
( , , ) → 
 
 
 
 
 
 
 
 +1
Compute static pressure 
from 
 
 +1
( , , ) 
 +1
 
 
 
 
 
Compute external pressure force  acting on
the insect using delta interpolation 
 
 +1
   
( ) 
 +1
Advance solid to new time level using BDF2 scheme
( , , ) →
 −1

 
 
 +1
   

 +1
= 
 
 
   
End
Yes
No
Advance to new time level 
= +    
 
 
 
  =   + 1
Fig. 1 Flowchart: Semi-implicit staggered scheme of the time advancement for the fluid-structure
interaction problem.
limited data [23]. However, for indoor wind tunnel experiments, isotropic or near-
isotropic turbulence generated by a grid has been used as inflow condition to study
the impact of turbulence on insect flight performance. Consequently, a homogeneous
isotropic turbulence (HIT) is chosen as turbulent inflow in our present work in order
to compare with the results obtained for rigid wings in [15]. For this purpose,
in the inlet region containing the first 48 grid points along the axial direction, a
precomputedHIT velocity fieldu′ is added into themean flow as velocity fluctuations
uin = u∞ + u′. The HIT field is then transported downstream by the mean flow
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and evolves dynamically like grid turbulence. In order to compare with the results
from [10], we use here aHIT field characterized by the same parameters which are the
turbulent intensity Tu = u′RMS/u∞ = 0.33, the integral length scale Λ = 0.77R and
the turbulent Reynolds number Reλ = uRMSλ/ν = 129, based on the Taylor-micro
scale λ = 0.18. More technical details on this approach can be found in [10, 15, 18].
 
Fig. 2 Illustration of the computational domain of size 6R × 4R × 4R used in all simulations. A
bumblebee model with flexible wings is tethered at xcntr = (2R, 2R, 2R)T in a flowwith the mean
flow velocity u∞ = (1.246Rf , 0, 0)T . The blue inlet region is used to impose a precomputed HIT
velocity field which is constantly advected downstream by the mean flow. Another vorticity sponge
region is placed at the outlet to damp out vortices. Periodic boundary conditions are set for the four
other sides of the domain.
3.2 Bumblebee model
The bumblebee model here is the same as the one used in [15] and derived from case
BB01 in [9], except for the wings which will be introduced later in section 3.3.
The animal’s body mass, M , is 175 mg, the gravitational acceleration g =
9.81m/s2 and wing length R, amounts to 15 mm. The bumblebee is composed
of linked rigid bodies including the head, the thorax, the abdomen, all legs, the
proboscis and the antennae. These parts are circular elliptical or cylindrical sections
joined by spheres, and the bilateral symmetry of the insect is assumed. The Reynolds
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number is Re = Utipcm/νair = 2685, where Utip = 2ΦR f = 9.15 m/s is the mean
wingtip velocity, cm = 4.6 mm the mean chord length, νair = 1.568 · 10−5 m2/s
is the kinematic viscosity of air, f = 152 Hz (T = 1/ f = 6.6 ms) is the wingbeat
frequency (T is duration) and φ = 115◦ is the wingbeat amplitude. The wingbeat
kinematics are prescribed based on the work of Dudley and Ellington [9].
3.3 Flexible wing model
The two flexible wings of the insect are modeled using the mass-spring system as
detailed in [6]. In the followingwe describe the venation pattern, themass distribution
and the flexural rigidity of the veins.
3.3.1 Venation pattern
The venation architecture is claimed to be responsible for the anisotropy of the wing
and it plays a crucial role on the wing dynamics during flight. Consequently, the
functional approach is used to take into account the venation pattern in our model.
The wing contour and the vein network are adapted from [26] and encoded into the
mass-spring system. The wing is then discretized by a triangular mesh with 1065
mass points, as shown in figure 3, using SALOME 2, an open-source integration
platform for mesh generation. A mesh convergence study comparing between two
wings, discretized by 465 and 1065 mass points, was performed in [6] for the
revolving motion. Looking at the aerodynamic forces generated, the coarse-mesh
wing showed no major difference with respect to the fine-mesh wing. However,
for the flapping motion, the pressure field is expected to be more unstable and a
fine-mesh wing is needed for the pressure interpolation in this case.
3.3.2 Mass distribution
Themass distribution represents the inertia of the system and the position of themass
center has a connection with the wing dynamics during flight. The mass distribution
is calculated based on the measured wing mass data from [26] and the vein pattern.
For our numerical simulations, the total wing mass is chosen as the same used by
Kolomenskiy et al. [26], mw = 0.791 mg. The mass is then distributed into vein and
membrane parts based on their geometry and material.
For the vein structure, each vein is considered as a rod composed of cuticle,
ρc = 1300 kg/m3 [26], with a circular cross section of constant diameter dv [26]
and length lv , calculated directly from the model. The mass of each vein is then
2 https://www.salome-platform.org/
10 Hung Truong, Thomas Engels, Dmitry Kolomenskiy and Kai Schneider
Fig. 3 Illustration of the mass-spring model which is meshed based on measured data of real
bumblebee wings [26]. The black and white marker represents the mass center. Color codes (red,
green and blue) are used for identifying the veins and the membranes are represented by cyan
circles.
calculated and shown in table 1. Both diameter andmass are dimensionless quantities,
normalized by wing length R and air density ρairR3, respectively.
For the mass distribution of the membrane, the same optimization method as in
[6] is applied where the objective function is the difference between the mass center
of the wing measured in the experiment [26] and the one calculated from the mass-
spring model. For a mass point mi belonging to the membrane at position [xi, yi],
we get:
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Forewing Hindwing
# Nominaldiameter
Nominal
mass #
Nominal
diameter
Nominal
mass
1 0.0070 0.0209 1 0.0065 0.0180
2 0.0074 0.0237 2 0.0043 0.0071
3 0.0055 0.0076 3 0.0046 0.0024
4 0.0070 0.0063 4 0.0011 0.0001
5 0.0040 0.0031 5 0.0038 0.0043
6 0.0048 0.0094 6 0.0037 0.0005
7 0.0040 0.0019 7 0.0020 0.0012
8 0.0038 0.0009
9 0.0041 0.0023
10 0.0048 0.0064
11 0.0045 0.0017
12 0.0038 0.0018
13 0.0042 0.0010
14 0.0038 0.0020
15 0.0034 0.0008
16 0.0032 0.0005
17 0.0032 0.0004
18 0.0044 0.0009
19 0.0015 0.0001
20 0.0018 0.0001
21 0.0020 0.0009
Table 1 Dimensionless vein diameter dv (adapted from [26]) and their corresponding dimension-
less mass mv .
mi = 9.14 · 10−5 − 3.48 · 10−5xi + 2.48 · 10−4yi (8)
Differences, between two mass centers, of 3.85 · 10−3[R] in the x-direction and
0.93 · 10−3[R] in the y-direction are obtained. These are negligible compared to the
reference wing length R.
3.3.3 Flexural rigidity of veins
Because the bending stiffness of the membrane is neglected, the flexural rigidity
of the wing comes solely from the flexural rigidity EI of veins which is calculated
based on their material and geometry. While the estimation of their second moments
of inertia I is straight forward using the diameter data from table 1, determining the
Young’s modulus is not trivial. In our present work, the veins are considered to be
made of cuticle which is reported to have a Young’s modulus in the range of 1kPa to
50MPa [27]. The wing needs to be flexible enough to reveal the influence of wing
flexibility to the aerodynamic performance of insects but it cannot be too flexible
to show unrealistic mechanical behaviors. For the purpose of our study, the value
E = 700 kPa is chosen.
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4 Results and discussion
The forces generated by the bumblebee model with flexible wings as well as the
required aerodynamic power will be presented in this section. Furthermore, they will
be compared with the results obtained in [10] where the same bumblebee with rigid
wings was considered. This allows us to have some insight into the wing flexibility
influence on the insect aerodynamic performance.
4.1 Tethered flight in laminar flow
The vertical and horizontal forces produced by the flapping motion of the flexible
wings are shown by red curves in figure 4 (a,b) while blue curves are those generated
by rigid wings. The forces are normalised by F = ρairR4 f 2. Here, the sideways
force is small and not presented, since the animal is modeled with the assumption
of symmetry. The simulation is computed for 4 strokes with 28776 time steps using
32 processors on Intel Xeon Gold 6142 (Sky Lake) 2.6GHz and consumed 8128
CPU hours. For each cycle, the cycle-average values are calculated and presented
in table 2. While the wing flexibility has minor effect on the average thrust with a
decline of 11%, it accounts for a 28% drop of the average lift. These losses can be
explained as a result from the decrease of the effective angle of attack caused by wing
deformation. The shape adaptation of the wing during the flapping motion alters the
instantaneous angle of attack which is claimed to play a significant role in the force
generation [4]. However, these negative impacts do not necessarily mean that the
rigid wings outperform aerodynamically their flexible counterparts. Although the
flexible wings generate smaller forces, they consume much less energy, with almost
36% required aerodynamic power is reduced. The cycle-averaged lift-to-power ratio
of flexible wing is 0.026, 35% larger than the one of rigid wing which is 0.019.
Nevertheless, regarding the time evolution of the forces during one wingbeat, the
instant surges of the forces at the ends of upstroke and downstroke, observed in the
rigid case, are significantly weakened. The sudden rotation of the rigid wings at the
midstrokes and the end of strokes are the reason for these large force peaks [28].
This effect has now little impact due to the fact that the wing inertia are now taken
into account. The inertial force makes the wing deform and streamline its shape to
the airflow. This shape adaptation helps to mitigate the large pressure jump between
upper and lower surfaces, especially at the trailing edge [7] and provides a smoother
flight [29, 30]. This finding has more advantages in term of stabilizing generated
forces, rather than lift-enhancement effect.
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Fig. 4 Normalized vertical force, horizontal force and aerodynamic power generated by a bumble-
bee with rigid wings (black) [15] and flexible wings in laminar flow (red) and turbulent flow (blue).
Circles represent the cycle-averaged value of forces and power.
4.2 Tethered flight in turbulent flow
We then study the influence of an isotropic turbulence on the aerodynamic perfor-
mance of a bumblebee by putting it in a turbulent flow. The simulation is computed
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Flow Thrust Lift Aerodynamic power
Rigid Flexible Rigid Flexible Rigid Flexible
Laminar 0.17 0.15 2.09 1.51 8.84 5.67
Table 2 Cycle-averaged forces and power in the laminar case.
for 4 strokes with 29000 time steps using 32 processors on Intel Xeon Gold 6142
(Sky Lake) 2.6GHz and consumed 9000 CPU hours. Figure 5 presents the flow
structure of the bumblebee flying in a turbulent flow visualized by the normalized
vorticity isosurfaces at two levels ‖ω‖ = 15 and ‖ω‖ = 100. The aerodynamic
forces and the corresponding power in this turbulent condition are shown in figure 4.
The results demonstrate insignificant differences between turbulent and laminar flow
conditions. The aerodynamic forces generated by the bumblebee are almost identical
to those derived during unperturbed, laminar inflow, with the same required energetic
cost. For Re > 100, the aerodynamic forces are mainly produced by the differential
dynamics pressure across the wing [28]. Figure 6 shows the normalized pressure
distribution on top and bottom wing surfaces of the two cases just before the stroke
reversal t = 0.45 T . The effect of turbulence can hardly be seen here which explains
the negligible change of aerodynamic forces. The outcome here is consistent with
the one observed in the rigid case in [10].
𝝎 = 15
𝝎 = 100
Fig. 5 Visualization of flow generated by a tethered flapping bumblebee with flexible wings in
turbulence Tu = 0.33 showing normalized absolute vorticity isosurfaces at two levels | |ω | | = 15
(light blue) and | |ω | | = 100 (dark blue). The flow fields are plotted at time t = 0.45/T and the
weaker vortices are only shown in the region 3.7R ≤ y ≤ 4R.
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laminar – top surface
turbulent – bottom surfaceturbulent – top surface
laminar – bottom surface
Fig. 6 Normalized pressure distribution on the wing for top and bottom surfaces, plotted at time
t = 0.45/T just before the stroke reversal, for the laminar (top) and turbulent cases (bottom).
5 Conclusions and perspectives
Following our previous work on revolving flexible wings [6], the impact of wing
flexibility was now studied in the context of tethered flight using flapping wing
kinematics measured in experiments by Dudley and Ellington [9]. High-resolution
numerical simulations on massively parallel machines were carried out to solve the
fluid-structure interaction problem between the fluid solver FLUSI and the solid
solver based on a mass-spring system. Both laminar and turbulent inflows were
considered to investigate diverse flight conditions of insects. The preliminary results
obtained in this work allow us to have some understanding about the role of wing
flexibility in flapping flight.
In laminar flow, the aerodynamic forces and the required power have been cal-
culated and compared with the ones obtained for rigid wings. We found that wing
flexibility hardly contributed to lift or thrust enhancement. However, the significant
reduction of the required power suggested that wing flexibility plays an important
role in saving flight energetic cost. Moreover, the wing inertia also helped to damp
out the fluctuation of the aerodynamic force and helped thus the insect to stabilize
during flight.
In turbulent flow, although the ability of shape adaptation of flexible wings makes
them more sensitive to fluctuation of the flow structure than their rigid counterparts,
the impact of turbulence is still negligible under the considered flight conditions.
Nevertheless, due to costly computational time, the statistical property of the turbu-
lent flow is not considered because only one simulation is done to obtain the results
for the turbulent case.nMoreover, due to the expensive computational cost, especially
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in the turbulent case, the mesh convergence study was not performed in this paper
and we refer readers to [6].
Despite of these findings, we have to keep in mind that the wing kinematics has an
essential effect on the aerodynamic performance of wings and we have considered
only one set of wing motion in this study. In perspective, these limitations can be
overcome by examining other species with different wing kinematics or including
flight control in our model. This is planned for our work in the future where we will
study Calliphora with its wing kinematics measured from experiments.
Finally, although the wing flexibility was calculated based on the geometrical
property of the veins, the estimation of veins’ Young’s modulus remains somewhat
limited due to the vast range of known cuticle’s property. This can be improved by
using mathematical optimization for determining the right elastic properties of the
wing model. To this end the equilibrium state of the wing model under external
static force as a function of wing stiffness will be calculated and compared with data
measured from experiments done by our team.
Acknowledgements
Financial support from the Agence Nationale de la Recherche (ANR Grant No. 15-
CE40-0019) and Deutsche Forschungsgemeinschaft (DFG Grant No. SE 824/26-1),
project AIFIT, is gratefully acknowledged. The authors were granted access to the
HPC resources of IDRIS under the Allocation No. 2018-91664 attributed by GENCI
(Grand Équipement National de Calcul Intensif). For this work, Centre de Calcul
Intensif d’Aix-Marseille is acknowledged for granting access to its high performance
computing resources financed by the project Equip@Meso (No. ANR-10-EQPX-
29-01). The authors thankfully acknowledge financial support granted by the min-
istères des Affaires étrangères et du développement international (MAEDI) et de
l’Education nationale et l’enseignement supérieur, de la recherche et de l’innovation
(MENESRI), and the Deutscher Akademischer Austauschdienst (DAAD) within the
French-German Procope project FIFIT.
D.K. gratefully acknowledges financial support from the JSPS KAKENHI Grant
No. JP18K13693.
References
1. Ellington, C. P., van den Berg, C., Willmott, A. P., Thomas, A. L. R.: Leading-edge vortices
in insect flight. Nature 384, 626–630. (1996)
2. Mountcastle, A. M., Combes, S. A.: Wing flexibility enhances load-lifting capacity in bum-
blebees. Proc. R. Soc. B. (2016)
3. Campos, D., Ukeiley, L., Bernal, L.: Flow around flapping flexible flat plate wings. 50th AIAA
Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition.
10.2514/6.2012-1211. (2012)
Fluid-structure interaction: application to bumblebee flight 17
4. Fu, J., Liu, X., Shyy, W., Qiu, H.: Effects of flexibility and aspect ratio on the aerodynamic
performance of flapping wings. Bioinspiration & Biomimetics. 13(3). 036001. (2018)
5. Du, G., M. Sun: Effects of wing deformation on aerodynamic forces in hovering hoverflies.
Journal of Experimental Biology, 213(13), 2273-2283. (2010)
6. Truong, H., Engels, T., Kolomenskiy, D., Schneider, K.: A mass-spring fluid-structure in-
teraction solver: application to flexible revolving wings. Computers & Fluids, 200:104426.
(2020)
7. Kang, C.-K., Shyy, W.: Scaling law and enhancement of lift generation of an insect-size
hovering flexible wing. Journal of The Royal Society Interface, 10(85): 20130361. (2013)
8. Zhao, L., Huang, Q., Deng, X., Sane, S.P.: Aerodynamic effects of flexibility in flappingwings.
Journal of The Royal Society Interface, 7(44): 485-497. (2010)
9. Dudley, R., Ellington, C. P.: Mechanics of forward flight in bumblebees I. kinematics and
morphology. J. Exp. Biol., 148:19–52. (1990)
10. Engels, T., Kolomenskiy, D., Schneider, K, Lehmann, F.O., Sesterhenn, J.: Bumblebee flight
in heavy turbulence. Phys. Rev. Lett., 116, 028103. (2016)
11. Shyy, W., Aono, H., Kang, C., Liu, H.: An introduction to flapping wing aerodynamics. New
York. (2013) NY: Cambridge University Press.
12. Nealen, A., Muller, M., Keiser, R., Boxerman, E., Carlson, M.: Physically based deformable
models in computer graphics. Computer Graphics forum 25, 809–836, (2006)
13. Berger, J.: A second order backward difference method with variable steps for a parabolic
problem. BIT 38, 644–662. (1998)
14. Shyy, W., Kang, C.K., Chirarattananon, P., Ravi, S., Liu, H.: Aerodynamics, sensing and con-
trol of insect-scale flapping-wing flight. Proceedings.Mathematical, physical, and engineering
sciences, 472(2186), 20150712. (2016)
15. Engels, T., Kolomenskiy, D., Schneider, K., Farge, M., Lehmann, F.O., Sesterhenn, J.: Im-
pact of turbulence on flying insects in tethered and free flight: High-resolution numerical
experiments. Physical Review Fluids 4, 013103. (2019)
16. Angot, P., Bruneau, C., Fabrie, P.: A penalization method to take into account obstacles in
incompressible viscous flows. Numer. Math, 81:497–520. (1999)
17. Engels, T., Kolomenskiy, D. , Schneider, K., Sesterhenn, J.: Flusi: A novel parallel simulation
tool for flapping insect flight using a Fourier method with volume penalization. SIAM J. Sci.
Comp. 38, S03–S24. (2016)
18. Engels, T.: Numerical modeling of fluid-structure interaction in bioinspired propulsion. PhD
thesis at Aix-Marseille Université and TU Berlin. (2015) https://hal.archives-ouvertes.fr/tel-
01298968
19. Kolomenskiy, D., Schneider, K.: A Fourier spectral method for the Navier-Stokes equations
with volume penalization for moving solid obstacles. J. Comput. Phys., 228, 5687-5709.
(2009)
20. Dickinson, M. H., Lehmann, F.-O., Sane, S. P.: Wing Rotation and the Aerodynamic Basis of
Insect Flight. Science, Vol. 284, No. 5422, pp. 1954–1960. (1999)
21. Dickinson, M. H., Götz, K.: Unsteady Aerodynamic Performance of Model Wings at Low
Reynolds Numbers. Journal of Experimental Biology, Vol. 174, pp. 45–64. (1993)
22. Roccia, B. A., Preidikman, S, Massa, J. C., Mook, D. T.: Modified unsteady vortex-lattice
method to study flapping wings in hover flight. AIAA J., 51 (11), 2628–2642. (2013)
23. Crall, J. D., Chang, J. J., Oppenheimer, R. L., Combes, S. A.: Foraging in an unsteady world:
bumblebee flight performance in field-realistic turbulence. Interface Focus, 7:20160086 (2017)
24. Eberly, D.: Distance Between Point and Triangle in 3D. Geometric Tools. LLC. (1999)
http://www.geometrictools.com/Documentation/DistancePoint3Triangle3.
pdf
25. Engels, T., Kolomenskiy, D., Schneider, K., Lehmann, F.O., Sesterhenn, J.: Bumblebee flight
in heavy turbulence. Physical Review Letters 116, 028103. (2016)
26. Kolomenskiy, D., Ravi, S., Xu, R., Ueyama, K., Jakobi, T., Engels, T., Nakata, T., Sesterhenn,
J., Schneider, K., Onishi, R., Liu, H.: The dynamics of passive feathering rotation in hovering
flight of bumblebees. J. Fluids. Struc., 91, 102628. (2019).
18 Hung Truong, Thomas Engels, Dmitry Kolomenskiy and Kai Schneider
27. Vincent, J. F. V., Wegst, U. G. K.: Design and mechanical properties of insect cuticle. Arthro-
pod Structure and Development 33, 187–199. (2004)
28. Sane, S. P.: The aerodynamics of insect flight. J. Exp. Biol. 206, 4191– 4208. (2003)
29. Ifju, P. G., Jenkins, A. D., Ettingers, S., Lian, Y., Shyy, W.: Flexible-wing-based micro air
vehicles. 40th AIAA Aerospace Sciences Meeting and Exhibit. Reno, Nevada. Jan. 14-17.
(2002)
30. Ifju, P. G., Peter, G., Stanford, B., Sytsma, M.: Analysis of a flexible wing micro air vehicle. In:
Proc. 25th AIAA Aerodynamic Measurement Technology and Ground Testing Conference.
San Francisco, California, June 5-8. (2006)
